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Abstract 
The effects of elevated levels (40, 80 and 120 ppb) of ozone and elevated levels (350, 400 and 450 ppb) of carbon dioxide, alone and in 
combination, were studied on the germinated young tree seedling of Medicago sativa. Parameters related to growth, biochemical and leaf 
nutrient parameters were measured using standard methods. The results showed that elevated CO2 has an ameliorative effect on the 
growth of Alfalfa with increased performance in parameters related to production function of the plant. Ozone to the contrary known for 
its oxidative property induced and changed significantly the photosynthetic nature of the plant. Decrease in chlorophylls content as a 
commonly regarded biochemical damage symptom was observed in all the levels of O3 treatment. The combine treatment like similar 
works done in this area revealed that enrichment effect by CO2 seems to contribute to the protection against the O3 induced oxidation. The 
treatment effects on the leaf nutritional parameters are also evident though statistically not significant.  
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1. Introduction 
The increase in population, industries and traffic have led to a steady increase in atmospheric CO2 and 
tropospheric O3 concentrations[1].They are predicted to continue rising simultaneously in the future [2]. 
These pollutants, not only contribute to the global warming, but also directly influence plant growth. Ozone is 
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a very powerful oxidizing agent. It is known for its negative impact on vegetation. High concentrations of 
ozone can cause injury in numerous plant species and reduce overall growth and yield [3].On the other hand 
ambient CO2 is a limiting factor for photosynthesis in most plants, and the enrichment in it usually has 
beneficial effects on plant growth. However, responses to elevated CO2 were variable in plants because of 
species and genotypic difference [4]. 
While the individual effects of O3 and CO2 are relatively well understood, the effect of combined exposure 
is not very much clear. The intuitive hypothesis that the contrasting effects of CO2 and O3 on plants would 
cancel each other and lead to an intermediate response [5] has received support in a number of experiments on 
growth and photosynthesis [6],[7],[8],[9],[10],whereas others showed that elevated CO2 did not provide 
protection against the negative effects of O3 [11],[12],[13] or even exacerbated them [14], [15]. 
Alfalfa (Medicago sativa) was chosen in this study which has been grown in Oman for a very long time by 
the farmers as a predominant fodder crop to feed their domestic livestock. It is cultivated intensively in many 
regions of Oman such as Al-Batinah, Al-Dakhiliyya and Dhofar. The experiment was conducted in controlled 
conditions to assess the response of exposure to CO2, O3 and combined CO2 and O3 on the growth, 
biochemical and nutrient parameters of alfalfa in open top chambers. 
2. Materials and Methods 
2.1. Experimental site and design 
This experiment was conducted in the facilities of the University of Swansea, U.K. Over 350 seeds of 
Medicago sativa L (cv. Victor) were planted in Jiffy with universal compost in a pot of 10 cm diameter and 
were grown in a glass house. Pots were treated with a commercial Rhizobium inoculum to ensure nodulation. 
On 7th day, 70 seedlings were selected randomly and transferred each to ten Open Top Chambers(OTC) with a 
diurnal cycle of 12 hrs of light (70 moles/m3/s) and dark period interrupted by 1hr of incandescent light (10 
moles/m3/s). The temperatures of the chambers were 29 oC (maximum) and 22 oC (minimum) for light 
period and dark period, respectively, and RH was between 48% and 74%. On 31st day from the date of 
germination the chambers were introduced separately with ozone, carbon dioxide and in combination on daily 
basis for 60 days. The treatments were control in single chamber, O3 treatment (3 chambers) with 
concentration of 40, 80 and 120 ppb and the CO2 treatment (3 chambers) with 350, 400 and 450 ppb. For 
combination treatment, the rest of 3 chambers were supplied together with both O3 (40, 80 and 120 ppb) and 
CO2 (350, 400 and 450 ppb). All chambers were fed with charcoal filtered air. Ventilation rate in the 
chambers was approximately 45 m3min-1.Ozone gas was generated by electric discharge, passing pure Oxygen 
through a Welsbach Ozone Generator (USA). Carbon dioxide gas cylinders were obtained from Hibro Tech 
Development Co., Ltd (UK). Control and feedback adjustments of O3 and CO2 concentration were made 
automatically every 15 minutes, using UV-photometric O3 analyzers (Model 8810, Monitor Labs Inc. USA) 
and Vaisala Carbon Dioxide Probe GMW115, respectively, linked to data loggers (Squirrel 2020, Grant 
Instruments, UK). Ozone and CO2 concentrations inside chambers were also monitored and measurements 
were taken every 30 minutes between 06:00 and 18:00 hours daily (in which measurements were not 
exceeded ±10% of desired concentrations of chambers throughout the experiment). Throughout the 
experiment, the plants were watered once daily and were given complete nutrient solution on every forth day. 
2.2. Measurement of growth parameters 
At the end of the experiment, 30 plants per chamber selected randomly were harvested, washed, blotted 
with blotting-paper and observed for any foliar injuries on the day of harvest, and these were assessed in 
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percentages (number of injured leaves/total number of leaves x 100). Observation of minute necrotic spots 
and brown pigmented spots were made using the light dissecting microscope (Nikon Corporation, Japan). 
Plants were then separated into leaves, stems and roots. Leaf area of all fully expanded laminas was 
determined using leaf area meter (Model 6100, LI COR Inc.; Lincoln). In each root, nodules were carefully 
removed, counted and weighed. Roots (included root nodules) and shoots (stem and leaves) were dried in an 
oven set at 70o C for 72 hours. The Relative Growth Rate(RGR)/week of each plant was calculated as 
RGR/week = (ln(Dry Weight) .Initial dry weight is the average dry weight of 30 
plants selected randomly from different chambers. 
2.3. Measurement of Biochemical parameters 
The concentrations of chlorophyll-a, chlorophyll-b, total carotenoids and proline were determined in the 
leaves of 10 randomly selected plants per chamber from the remaining plants left after the initial sampling. 
Pigments were estimated according to the procedure described by Lichtenthaler [16] and proline was 
determined according to Bates et al.[17].Absorbance readings were taken using spectrophotometric (UV/VIS 
550, Unicam, Cambridge, UK). 
2.4. Measurement of Nutrient parameters 
Analyses of the following nutrients: N, K, P, Ca, Mg, Zn, Fe were made using  Inductively Coupled 
Plasma Optical Emission Spectrometer (ICP-OES) type Perkin Elmar 3300 DV ICP (USA).  Exactly 1 g. of 
dried leaves per plant were extracted for 1 hour in a boiling tube containing 50 ml of double distilled water in 
a boiling-bath water. The extract was filtered through ash-free filter paper. About 1 ml of concentrated nitric 
acid was added into 10 ml of filtrate. Accuracy of the equipment was measured by analyzing standard 
reference materials (SRM) obtained from the Laboratory of the Government Chemistry (LGC, UK). 
2.5. Data Analysis 
Data were analyzed using a factorial design analysis of variance (ANOVA) using SPSS 17.5 package and 
presented as means ± standard errors. 
3. Results 
3.1. Growth parameters 
Table-1 represents the data on growth parameter influenced by levels O3, CO2, and combined treatment on 
Alfalfa, which also gives the data on the relative growth rate (RGR). The growth of M. sativa plants was 
negatively affected by ozone treatments. The RGR/week was 95.5%, 79.8% and 68% in 40 ppb, 80 ppb and 
120 ppb respectively in O3 treatments when compared to control plants. The reduction in the RGR/week was 
significant (P<0.05) between treatments. In contrast, with elevated levels of CO2 the RGR/week increased 
significantly. However, in combination treatment of O3 and CO2 the RGR/week was similar to the control 
with no significant difference. The leaf area recorded in the experiment was approximately 90%, 74% and 
56% of control in 40 ppb, 80 ppb and 120 ppb ozone treatments, respectively. The average leaf area shows a 
significant reduction. The leaf area has marginally increased in CO2 treatments which was not significant. A 
marginal insignificant decrease in the leaf area over the control was recorded in combined 
treatments.Exposure to different concentrations of ozone affected the rate of chlorosis of leaves which 
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progressed in to necrosis at latter stages. At 120 ppb treatment there was a rapid reduction in the percentage 
green area of the leaves. There were significant differences between the treatments and the control. The 
impact of cumulative O3 + CO2 exposure on the leaf area reduction was not as remarkable as it was under O3 
exposure alone; reduction was not significant in O3+ CO2 treatment. The percentage leaf necrosis was not 
significantly affected when the plants were maintained under different CO2 concentrations (350, 400, 
450ppm). Nodulation retarded significantly with increased level of O3 exposure, but not significant in 
combined treatment of O3 + CO2 and registered a 31% increase under CO2 treatment. 
3.2. Biochemical parameters 
The amount of photosynthetic pigments in the leaves was measured with a view to estimate the degree of 
chlorophyll loss or increase in different treatments of ozone, CO2 and their combination (Table 2). In single 
treatments of ozone and in combination with CO2 treatments, Chlorophyll loss was significantly higher. The 
data indicates a progressive loss in chlorophyll-a and chlorophyll-b. Whereas, there was a slight increase in 
the amount of Chl-a in elevated CO2 treatments, while there was no change in chl-b. In the case of carotenoids, 
there was a gradual decrease as the concentration of ozone treatment increased. For the total carotenoids 
content, in individual CO2 treatment and interaction of O3 and CO2 an in consistent trend was noticed .The 
total proline content on the other hand almost doubled at 450ppb CO2 and increased more than 3 folds in 
combination of O3+ CO2. The differences were highly significant between treatments. 
3.3. Nutrient parameters 
O3 individually had a adverse negative impact on the studied nutrient content except Calcium (Table 3). 
The reduction in the nutrient content was more remarkable and significant for P, Mg and Fe, others elements 
declined but rather insignificantly. Calcium on the contrary increased significantly under elevated O3. Most of 
the nutrients increased uniformly under the influence of CO2 enriched environment expect N and K that 
showed a marginal decrease. Under the effect of O3 + CO2, there was a gradual loss of all nutrients except Ca 
which showed an irregular pattern.  
Table 1. Effect of levels of O3, CO2 and O3+CO2 on Growth parameters of Alfalfa. 
Parame
ters 
Contr
ol O3 CO2 Combined (O3+CO2) 
  40ppb 80ppb 120pp
b 
P- 
valu
e  
350pp
b 
400pp
b 
450pp
b 
P-
valu
e 
40ppb
+ 
350pp
b 
80ppb
+ 
400pp
b 
120pp
b+ 
450pp
b 
P-
value 
RGR/w
eek 
2.7±0.
12 
2.6±0.
13 
2.15±
0.2 
1.69±0
.07 
<0.
05 
2.81±0
.15 
3.34±0
.18 
3.37±0
.07 
<0.
05 
2.72±0
.14 
2.76±0
.11 
2.63±0
.12 
NS 
Leaf 
Area 
(cm2) 
357.6
±12 
326.4±
12 
277.2
±8 
184.8±
7 
<0.
01 
368.4±
14 
374.2±
13 
381.8±
15 
NS 344.4±
12 
338.2±
10 
303.6±
9 
NS 
Leaf 
Necrosi
s (%) 
2 15 36  58 <0.
01 
2 1 3 NS 4 7 8 P<0.
05 
No. of 
nodules 
74.1±
3.6 
76.7±0
3.2 
57.5±
2.8 
51.6±0
2.5 
<0.
05 
78.3±3
.6 
93.5±0
4.2 
97.8±0
4.7 
<0.
05 
72.5±2
.7 
68.3±2
.8 
66±2.4 NS 
 
292   Salim H.Al-Rawahy et al. /  APCBEE Procedia  5 ( 2013 )  288 – 295 
Table 2. Effect of levels of O3, CO2 and O3+CO2 on Biochemical parameters of Alfalfa. 
Paramete
rs 
Contr
ol O3 CO2 Combined (O3+CO2) 
  40ppb 80ppb 120ppb P- 
valu
e  
350pp
b 
400pp
b 
450pp
b 
P-
valu
e 
40ppb
+ 
350pp
b 
80ppb
+ 
400pp
b 
120pp
b+ 
450pp
b 
P-
value 
Chlorop
hyll a 
(mg g-1 
FW)  
  
8.8±0.
58 
  
6.2±0.
51 
4.7±0.
44 
  
3.4±0.3
6 
<0.
01 
  
9.2±0.
55 
  
9.1±0.
51 
  
9.4±0.
57 
NS   
8.5±0.
49 
  
7.5±0.
47 
  
6.9±0.
41 
<0.0
5 
Chlorop
hyll b 
(mg g-1 
FW) 
  
6.6±0.
55 
  
5.4±0.
41 
4.4±0.
37 
  
3.4±0.3
8 
<0.
05 
  
6.3±0.
43 
  
6.8±0.
46 
  
6.4±0.
50 
NS   
6.1±0.
45 
  
5.7±0.
40 
  
5.7±0.
43 
NS 
Caroteno
ids (mg 
g-1 FW) 
  
3.5±0.
24 
  
3.1±0.
18 
2.6±0.
14 
  
2.2±0.1
1 
<0.
05 
  
3.9±0.
23 
  
3.3±0.
19 
  
3.7±0.
19 
NS   
3.2±0.
20 
  
3.0±0.
21 
  
2.7±0.
16 
NS 
Proline 
(μmoles/
g fw) 
  
1.3±0.
05 
  
3.2±0.
14 
7.4±0.
45 
15.7±0.
88 
<0.
01 
  
1.1±0.
04 
  
1.8±0.
07 
  
2.5±0.
13 
<0.
05 
  
1.8±0.
11 
  
2.8±0.
15 
  
4.3±0.
28 
P<0.
05 
Table 3. Effect of levels of O3, CO2 and O3+CO2 on  Nutrient parameters (mg g-1 of dry weight) of Alfalfa. 
Parame
ters 
Contro
l O3 CO2 Combined (O3+CO2) 
  40ppb 80ppb 120pp
b 
P- 
value  
350pp
b 
400pp
b 
450pp
b 
P-
val
ue 
40ppb
+ 
350pp
b 
80ppb
+ 
400pp
b 
120pp
b+ 
450pp
b 
P-
val
ue 
N 32.5±1
.41 
31.9±1
.53 
29.2±1
.28 
27.8±1
.27 
NS 33.8±1
.44 
30.9±1
.39 
31.5±1
.40 
NS 32.3±1
.44 
31.7±1
.32 
29.3±1
.24 
NS 
K 37.8±1
.70 
37.2±1
.57 
34.1±1
.52 
33.6±1
.59 
NS 38.2±1
.48 
34.1±1
.52 
33.6±1
.59 
NS 37.6±1
.60 
36.7±1
.55 
36.1±1
.52 
NS 
P   
4.5±0.
27 
4.2±0.
32 
  
3.9±0.
19 
  
3.8±0.
20 
P<0.
05 
4.4±0.
31 
  
4.9±0.
33 
  
5.1±0.
42 
NS 4.4±0.
29 
  
4.4±0.
25 
  
4.1±0.
21 
NS 
Ca 11.7±0
.64 
11.6±0
.73 
13.4±0
.76 
14.8±0
.85 
P<0.
05 
12.1±0
.74 
12.6±0
.80 
12.8±0
.85 
NS 10.8±0
.72 
12.2±0
.69 
11.7±0
.70 
NS 
Mg   
6.8±0.
40 
 
5.7±0.
34 
  
5.2±0.
36 
  
3.9±0.
28 
P<0.
05 
6.7±0.
37 
  
7.2±0.
36 
  
7.6±0.
38 
NS 6.9±0.
42 
  
6.3±0.
37 
  
5.9±0.
32 
NS 
Zn 0.16±0
.01 
0.16±0
.02 
0.14±0
.01 
0.15±0
.01 
NS 0.18±0
.02 
0.20±0
.02 
0.21±0
.01 
NS  
0.14±0
.01 
0.13±0
.01 
0.13±0
.01 
NS 
Fe 0.44±0
.02 
0.40±0
.02 
0.35±0
.01 
0.32±0
.01 
P<0.
05 
0.46±0
.03      
0.53±0
.03 
0.48±0
.03 
NS  
0.42±0
.02 
0.38±0
.02 
0.37±0
.02 
NS 
4. Discussion 
The response of plant varies under different treatments in general. Elevated CO2 regimes had a positive 
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impact on Relative Growth Rate/week (Table 1) where exposure of plants to 450ppm CO2 concentration 
increased the rate of relative growth by about 23% compared to ambient CO2 values and the enhancement in 
RGR/week was significant between the treatments. The influence of elevated ozone on growth and foliar 
injuries were detected in this study. Significant reduction in the RGR/week between treatments was observed. 
Ozone has been proved to be one of the most important air pollutants affecting plant growth.  On the other 
hand the combined effect of CO2 enrichment and O3 stress on Medicago sativa, decreased the RGR/week 
though not significantly different within the treatment levels. Combined treatment also led to an overall 
increased necrosis, but the increase was less noticeable as the rate of necrosis increased 4 fold as compared to 
29 fold seen under O3 treatment alone. This could be due to the protection by CO2 influx. Thus the visual 
symptoms in O3 treatment were considerably reduced in the combined treatment. Many crops such as rice and 
wheat, common bean, maize and legume plants have been found to be affected by elevated ozone [18].The 
leaf area index decreased significantly in response to ozone treatments. Similar results were reported in sugar 
beet by Temmerman and co-workers[19]and in potato by Hacour and his co-workers [20]. 
In general chlorophyll degradation is a characteristic feature of leaf senescence and the quantitative 
estimation if chlorophyll is a useful measure of the chlorosis and senescence. In this study the process of 
senescence in the leaves of alfalfa exposed to different concentrations of ozone and its effect in combination 
with CO2 was monitored by quantitative chlorophyll measurements. Differences between the treatments is 
noticed in the amounts of chlorophyll-a and chlorophyll-b. The plants accumulated greater amount of Chl-a in 
the leaves as compared to control values under CO2 treatment. The ameliorative effect of elevated CO2 level 
results from improved substrate availability for assimilation, as well as from reduced water loss due to lower 
stomatal conductance [21].But Chl-b in the same treatment, exhibited a inconsistent response, the value 
dipped at 350ppm, raised at 400ppb, dipped again at 450ppb. In O3 + CO2 combination (Table 2) however the 
Chl-a content decreased gradually and significantly though the loss was less pronounced as compared to O3 
treatment alone. Stress of various types has been found to induce many changes similar to senescence. Air 
pollution may also induce changes resembling senescence, especially in leaves [22], [23 [24].The negative 
effect of O3 on plants results from its highly oxidative properties that damage cell membranes, denature 
critical enzymes and give rise to other oxidatively active species [25], [10]. 
Higher concentrations of ozone proved to be more phytotoxic than lower concentrations. Changes in leaf 
senescence induced by ozone were closely paralleled by similar changes in leaf area duration. The 120 ppb 
treatment dramatically accelerated the process of senescence and, in consequence, caused a rapid decrease in 
the green leaf area and a substantial reduction in the chlorophylls. The changes in the leaf parameters are 
closely associated with ozone induced alterations in leaf senescence which led to changes in the leaf area 
available for photosynthate production. The close relationship found between leaf senescence and pigments 
illustrates the toxic effects of ozone. However, the exact mechanism of the photosynthesis damage by chronic 
ozone exposure is not clear.  Ozone can decrease photosynthesis even at relatively low concentrations 
followed by decrease in nitrogen content in the leaves[21].Earlier works by Grandjean and Fuhrer 
demonstrated that in wheat, ozone stress accelerated flag leaf senescence [26] resulting in the reduction of 
yield [27]. Similarly Lehnherr [28], Fangmeier [29], Sandelius [30] and their co-workers found enhanced 
senescence by ozone. Many of the studies suggested that the CO2 and O3 may affect components of the leaf 
photosynthetic machinery differently [31],[32]. 
5. Conclusion 
An attempt was made in this work to understand the effects of atmospheric CO2 and O3 emission from 
different sources on Alfalafa considered as an economically important species cultivated by the farming 
community in Oman. On top of that due to its adaptability to the arid climatic condition, it also plays vital 
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ecological function in regulating the microclimate and act as green cover in the growing areas of the country. 
The results in general showed trends of positive effects of CO2 assimilation and growth inhibition due to O3 
oxidation. Though the ameliorative effect of CO2 on induced oxidative stress by O3 is somehow well 
understood in plants, the result from this study is inconsistent both among the treatments and the parameters 
measured. It could not be possible to assume in many instances since many other undetermined factors might 
contribute to the observed variations. Considering the inconsistent results of combined exposure of the CO2 
and O3 and the continuous increase of these gases in the immediate atmosphere, simultaneous CO2&O3 
studies are needed to evaluate the response on different Alfalfa species for its adaptability to the predicted 
changes of the future climatic condition. This may provide potential information for improvement to manage 
sustainable cultivation of the species in the country. 
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